Abstract: Magnesium and its alloys are possible to develop new type of biodegradable medical magnesium alloys by using their active corrosion potential. The bio-corrosion properties of the high pure magnesium in the Hank's solution were investigated in this paper, the results showed that high pure magnesium had a low corrosion rate and hydrogen release in Hank's solution, when the pH value of solution was controlled at 7.5, the corrosion rate was under 0.2mm/year, the production of hydrogen was about 0.15ml/cm 2 , and if the solution wasn't controlled on pH value, the corrosion rate was about 0.02 mm/year, production of hydrogen was about 0.1ml/cm 2 . Result of in vitro Kinetic clotting time test and animal implant prep-test showed that High pure magnesium had good thromboresistant property and tissue compatibility, pure magnesium can biodegrade lowly in animal body and formed surface apatite, which proportion of Ca/P was similar with bone tissue.
Introduction
Active corrosion potential is regarded as a major drawback for magnesium alloys in many engineering applications, however, this corrosion tendency can be used as a biodegradable property for biomedical application. Magnesium and its alloys will represent a new class of degradable implant materials in orthopedic surgery. They provide about 3-fold higher tensile yield strength and about 4-fold higher Young's modulus compared to the current implants made of degradable polymeric materials such as PLLA [1] . Moreover, magnesium is essential to human metabolism and is naturally found in bone tissue. Thus, it is projected that magnesium and its alloys can be applied as lightweight, degradable and load bearing orthopedic implants [2] , which would remain temporary in the body and maintain mechanical integrity over a time scale of 12-18 weeks while the bone tissue heals, eventually being replaced by natural tissue. In the early 20th century, magnesium was studied as an implant material, but the quick corrosion rate and the production of large amount of hydrogen during in vivo corrosion process made the material unacceptable [3] . Today, with the advance of alloying technology and metal processing, the properties of magnesium and its alloys have been significantly improved. The development of degradable implants from magnesium has gained renewed interest. The researchers from Hanover Medical School and University of Hanover [4] [5] [6] investigated bio-corrosion and biodegradation of a series of magnesium alloys for biodegradable stent application. We have found that the purity level of pure magnesium also has strong impact on corrosion or biodegradation behavior in pseudo-physiological conditions [7] . In this paper, the corrosion, hydrogen release and biocompatibility of high pure magnesium in Hank's artificial solution were investigated.
Materials and Methods
High purity magnesium (99.99%) was used in this study, the material was cut into 20 ×25 × 2mm slices. The samples were polished up to 4000 grid SiC paper and degreased by ethanol. They were then immersed in Hank's salt balanced solution, which simulates the composition of blood plasma. The solution was controlled at the human body temperature, 37 . The samples were immersed in Hank's solution for 1, 2, 5, 10, 20 and 30 days, respectively. The pH value of the solution was monitored by a portable pH meter during the test. The pH value control was done by titrating dilute hydrochloric acid into the solution. After the pre-designed immersing, the samples were washed in a solution containing 20%CrO 3 and 1%AgNO 3 to remove the corrosion product, then rinsed, dried and weighted for the weight loss, by which the degradation rate was calculated. Hydrogen was also collected during the immersing test to correspond the corrosion rate. Kinetic clotting time test and animal implant prep-test were carried out to assess the biocompatibility of the high purity magnesium. Blood from a healthy adult volunteer was used for the kinetic clotting time test, a solution of 0.1ml blood and 0.01ml CaCl2 was orderly dropped onto the sample. After 10, 30, 50, 70, 90 min, respectively, the samples were washed and the solution was collected. The concentration of free hemoglobin was obtained by measuring the optical density (O.D.) at a wavelength of 540nm, and then the O.D. values were plotted versus the blood contact time. Animals implant prep-test was carried out in 5 adult rabbits. High purity magnesium was machined into sample rods with a size of 5.5mm in length and 1.5mm in diameter. All the rabbits were anaesthetized and were drilled with a 1.5mm-hand-operated drill on their left femurs. The sample rod was implanted into the hole, and then sewed the wound. 3 rabbits were sacrificed at 1 and 5 weeks after surgery, respectively. Following fixation in 4% formaldehyde, the samples were embedded in methylmethacrylate, the bone-implant interface was analyzed by SEM and EDS.
Results and Discussion
The immersing test in Hank's solution was designed to simulate the biochemical reactions of high purity magnesium in human body. During the high purity magnesium immersed in the Hank's solution for up to 30 days, most of the samples exhibited uniform corrosion on the surface with little pitting even after 30 days of immersion. As the immersion time increased, without pH control in the test, a continuous film was observed on the surface of the samples, while in the test where pH value was controlled at 7.5, only a discontinuous film was observed with severe carrion occurring at grain boundaries. Hideyuki Kuwahara et al [8] confirmed that the thin film on the surface of magnesium samples was magnesium apatite, which could be described as (Ca 0.86 Mg 0.14 ) 10 (PO4) 6 (OH) 2 . The magnesium apatite can grow up easily when pH value of Hank's solution is above 8.3. The reason for the two different surface films formed in this test is most likely due to the different pH values in the solution. Without the pH control, the value could be increased with immersion time as the result of corrosion product Mg (OH) 2 , and eventually stabilized at about 8.7 (see Fig. 1 ). Fig. 1 also presents the hydrogen release during the immersion test. Hydrogen is released as a by-product of the corrosion process. The result showed that the overall volume of the hydrogen release was very low, indicating that the high purity magnesium exhibits a low corrosion rate under the pseudo-physiological condition. The hydrogen had a high release rate at the beginning and then became insignificant after 1 or 2 days immersion. The total hydrogen volume released after 7 days of immersion from the pH value controlled sample was 0.15ml/cm 2 , and if the solution was not controlled on pH value, the hydrogen volume was even lower, about 0.1 ml/cm 2 with the same immersion duration. This is because the pH value building up due to the corrosion product Mg (OH) 2 slows down the corrosion rate. It is suggested that such small amount of hydrogen release can be dissolved and metabolized in the physiological environment with no significant negative effect on the host tissue. Fig. 2 presents the mass loss of high purity magnesium that was immersed in the Hank's solution for up to 30 days. As the immersion time increased, in the test without pH control, because of a continuous magnesium apatite film created gradually on the surface of the samples, the mass loss of sample was tiny, while in the test with pH control at 7.5, the mass loss can be obviously seen in Fig. 2. Fig. 3 gives the corrosion rates of pure magnesium during the immersion test and they are agreed with the result of hydrogen release, i.e., as the immersion time was increased, the corrosion rates of pure magnesium all reached to a steady state. The corrosion rate of the pH value controlled sample was about 0.2mm/year, and if the solution was not controlled on pH value, the corrosion rate was even lower, about 0.02 mm/year with the same immersion duration. The kinetic clotting time test is to determine the extent of the intrinsic clotting factors activated after the material contacting blood. Fig.4 compares the optical densities (O.D) of the high purity magnesium and 316L stainless steel over the blood contact time. For both materials, the O.D values deceased with increase of the contact time to blood. However, the decreasing rate of high purity magnesium is lower than that of stainless steel. Generally, initial clotting is defined when O.D.<0.1 and complete clotting when O.D.<0.01 [9] . The result shows that the initial clotting time for high purity magnesium was about 44.7min, which was longer than that for 316L (about 34.8min). The initial clotting time is a very important parameter to evaluate the anticoagulation quality of biomaterials. Our results indicated that the high purity magnesium has better thromboresistant property than 316L steel. In the early days, people considered that magnesium would corrode too quickly in the body fluid, which is a high chloride environment with pH value of 7.4-7.6. The excessive corrosion rate would produce large amount of hydrogen, which could not accommodated by the host tissue. The implant prep-test in our study showed that for the high purity magnesium there was no hydrogen conglomeration in the tissue near the magnesium sample. Fig.5 shows the SEM photograph of a cross-section of the rabbit femur bone implanted with magnesium after 7 days. No adverse effect to the bone tissue was observed. Fig. 3 The corrosion rate of pure magnesium during the immersion test Fig. 6 shows the EDS qualitative analysis of element in surface film of the magnesium after being implanted into the rabbit femur for 7 days. The ratio of Ca/P was about 1.56, which is close to the value in normal bone tissue (near 1.67) [10] and higher than the value in magnesium apatite formed in Hank's solution. The results suggest that high purity magnesium can be a good candidate as the bone implant material because of its good biocompatibility with the surrounding natural hard tissue. This work is still in the very early stage. The positive results certainly encourage us for further study.
Conclusions
The results of bio-corrosion and biocompatibility of high pure magnesium show that the high purity magnesium has lower corrosion rate and hydrogen release under the pseudo-physiological conditions. When the pH value of solution was controlled at 7.5, the corrosion rate was about 0.2mm/year, the hydrogen release was under 0.15ml/cm 2 . If the solution was not controlled on pH value, the corrosion rate was about 0.02 mm/year, the hydrogen release was about 0.1ml/cm 2 . This low corrosion rate will not impact the mechanical integrity of implant magnesium materials and the production of hydrogen in the corrosion process is too tiny to affect the host tissue. High pure magnesium has good thromboresistant property and tissue compatibility and pure magnesium can biodegrade lowly in animal body and formed apatite, in which the ratio of Ca/P was similar with bone tissue. High pure magnesium is appropriate for being degradable implant materials in orthopedic surgery.
